Objective: Although psychological modulation of immune function is now a well-established phenomenon, much of the relevant literature has been published within the last decade. This article speculates on future directions for psychoneuroimmunology research, after reviewing the history of the field. Methods: This review focuses on human psychoneuroimmunology studies published since 1939, particularly those that have appeared in Psychosomatic Medicine. Studies were clustered according to key themes, including stressor duration and characteristics (laboratory stressors, time-limited naturalistic stressors, or chronic stress), as well as the influences of psychopathology, personality, and interpersonal relationships; the responsiveness of the immune system to behavioral interventions is also addressed. Additionally, we describe trends in populations studied and the changing nature of immunological assessments. The final section focuses on health outcomes and future directions for the field. Results: There are now sufficient data to conclude that immune modulation by psychosocial stressors or interventions can lead to actual health changes, with the strongest direct evidence to date in infectious disease and wound healing. Furthermore, recent medical literature has highlighted a spectrum of diseases whose onset and course may be influenced by proinflammatory cytokines, from cardiovascular disease to frailty and functional decline; proinflammatory cytokine production can be directly stimulated by negative emotions and stressful experiences and indirectly stimulated by chronic or recurring infections. Accordingly, distress-related immune dysregulation may be one core mechanism behind a diverse set of health risks associated with negative emotions. Conclusions: We suggest that psychoneuroimmunology may have broad implications for the basic biological sciences and medicine.
INTRODUCTION
Although psychological modulation of immune function is now a well-established phenomenon, much of the relevant literature has been published within the last decade. Indeed, the bidirectional communication between the immune system and the central nervous system was ignored in immunology textbooks until relatively recently (1) . In this article we review the development of the PNI field, and we explore promising directions for future work.
Our literature search focused on human and animal studies published in Psychosomatic Medicine since its debut in 1939, with selective inclusion of other relevant work; this journal has been the premier outlet for novel and creative psychologically oriented human PNI studies for many decades. Although not specifically reviewed in this article, it is important to note that PNI emerged within the context of broader psychosomatic investigations, beginning as early as the 1940s. These studies related psychological characteristics, behaviors, and emotions with disease onset and progression, including allergy, asthma, peptic ulcer, cancer, autoimmune diseases, and infectious diseases. Although we do not review the broader psychosomatic literature, the body of knowledge generated by earlier work has clearly informed the development of the PNI field. Indeed, some PNI studies, in which a specific immune variable is examined in the context of psychological processes and health outcomes, are extensions of early psychosomatic studies.
For this PNI review, we searched for articles reporting studies that included immunological assays or those that used an in vivo immune challenge; case studies and reports addressing immunologically related diseases were excluded if they did not fit these criteria (eg, relating life events to the frequency of respiratory infections). Because this review focuses on the pathway leading from psychological states or behavior to immune function and physical health, studies in which behavior was the dependent variable were typically excluded; thus, for example, studies that examined relationships between psychological constructs (eg, personality or mood) and immune-related diseases were not included if there were no immunological data. Similarly, although there are obvious mutual influences, studies that simply used an illness as a stressor, without attempting to relate changes in immune function to physical health, were not considered.
As Figure 1 makes clear, PNI research represents a substantial and rapidly growing force in psychosomatic medicine as a field. The sheer number of PNI reports published in this journal over the last decade dictated selectivity for this review. The breadth and complexity of psychological topics examined within PNI has steadily increased over time in the course of development of the field, specifically within Psychosomatic Medicine, as is illustrated in Figure 2 . Additionally, the PNI-related focus in Psychosomatic Medicine has shifted over time toward greater emphasis on studies involving humans and less emphasis on nonhuman animal studies. Other journals that also publish substantial numbers of human PNI studies and behaviorally based animal PNI studies include Health Psychology, Brain, Behavior, and Immunity, Neuroimmunomodulation, and the Journal of Neuroimmunology; additionally, PNI studies in a number of psychiatric journals have typically addressed immunological correlates of psychiatric diagnoses.
For this review, studies were clustered on the basis of key themes, including stressor duration and characteristics (laboratory stressors, time-limited naturalistic stressors, or chronic stress), as well as the influences of psychopathology, personality, and interpersonal relationships; the responsiveness of immune function to behavioral interventions is also addressed (Figure 2 ). For each key theme, we link earlier immune-related research (typically pre-1970, depending on the topic) with research from the past two decades. Additionally, we describe trends in populations studied and the changing nature of immunological assessments. The final section focuses on health outcomes and speculation about future directions for the field.
Two PNI milestones should be highlighted. In 1964 George F. Solomon et al. (2) coined the term "psychoimmunology" and published a landmark paper: "Emotions, immunity, and disease: a speculative theoretical integration." Despite this notable paper, few PNI studies appeared before the 1980s. The explosive growth in both animal and human PNI studies was stimulated by Ader and Cohen's (3) seminal 1975 demonstration of classic conditioning of immune function. For additional historical information, interested readers should consider a chapter by Ader (4), Solomon's entertaining autobiography (5) , or an excellent clinically oriented book by Rabin (6) .
PSYCHOPATHOLOGY
Interest in the relationship between psychiatric syndromes or symptoms and immune function has been a consistent theme across decades ( Figure 2 ). Early studies of psychiatric patients reported immune alterations in psychotic patients, including numbers of lymphocytes (7, 8) and poorer antibody response to pertussis vaccination (9), compared with nonpsychiatric control subjects. Subsequently, immunological alterations have been reported across a range of psychiatric disorders (10 -12) . However, the great majority of psychopathologically focused studies have examined immunological alterations associated with affective and anxiety symptoms and disorders (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . There is excellent evidence that depression and anxiety enhance the production of proinflammatory cytokines, including IL-6 (13, 28 -31) , an important finding related to the broad literature on the morbidity and mortality associated with depressive and anxiety disorders (13, 32) , as discussed in the final section.
In addition to syndromal depressive disorders, depressive symptoms can also provoke immune alterations, and this dysregulation may have health consequences. For example, elevated depressive symptoms were associated with lower CD8 ϩ T-lymphocyte counts and a higher rate of genital HSV-2 recurrence over 6 months (18) . Depressive symptoms in HIV-seropositive gay men were linked with decreased CD4 ϩ T-cell counts, increased B-cell counts, and increases in an immune activation marker (HLA-DR) even when health behaviors and disease stage were controlled Fig. 1 . The explosion of PNI research in the 1990s is illustrated by the increased percentage of PNI original articles, rapid communications, and case reports relative to the total number of such studies published in Psychosomatic Medicine by decade. The majority of PNI studies were published in the 1990s, accounting for more than 66% of all the PNI studies published in Psychosomatic Medicine from 1939 to 2000. (27) . Interestingly, depressive symptoms were not associated with these effects in HIV-seropositive gay men who had lost a partner to AIDS. Clinically diagnosed anxiety disorders have also been associated with immune changes. For example, in patients with generalized anxiety disorder, reduced IL-2 receptor expression on lymphocytes (compared with nonpsychiatric control subjects) was associated with higher intrusive thoughts and increased numbers of sick days due to upper respiratory infection (20) . Similarly, patients with generalized anxiety disorder or panic disorder had reduced lymphocyte proliferation to PHA and IL-2 production compared with nonpsychiatric control subjects (19) . High levels of PTSD symptoms and intrusive thoughts were associated with reduced NK cell lysis in victims of a hurricane compared with laboratory control subjects, and this relationship may have been mediated by onset of sleep problems (26) . Vietnam veterans with partial PTSD 20 years after the war had higher total T-cell and CD4 ϩ T-cell counts, and those with other anxiety disorders had higher total T-cell counts and a stronger DTH response to seven antigens compared with Vietnam veterans without psychiatric symptoms or disorders (14) . Higher levels of anxiety symptoms have been associated with poorer NK cell lysis 1 week after notification of HIV serostatus among seronegative gay men (15) and with a poorer response to a hepatitis B vaccine among medical students (33) .
Health behaviors have been implicated as cofactors in the relationships between psychopathology and immune function; for example, smoking had synergistic effects with depression in reducing NK cell lysis (17) , and reduced physical activity mediated the association between depression and lymphocyte proliferation (21) . In patients with clinical depression and medical patients with symptoms of depression, objective and subjective indicators of sleep disturbances had significant associations with NK cell lysis (16) and T-cell counts (24) that were independent of depression. Indeed, the sleep disturbances that are characteristic of depression may have a variety of immunological consequences (12, 16, 24, 26) .
The evidence for a relationship between psycho- pathological symptoms and disorders and immunological alterations seems convincing. Furthermore, negative affect, a characteristic of most of the psychopathology spectrum, has been conceptualized as a key pathway for other psychological modifiers of immune function described below, particularly interpersonal relationships and personality.
PERSONALITY AND COPING
Personality characteristics and coping styles reflect individual differences in appraisal and response to stressors that may influence immune function. Reflecting the broader field of psychosomatic medicine at the time, much of the work before 1970 attempted to link personality traits to various diseases. For example, a number of researchers attempted to identify personality variables that predisposed individuals to allergic disorders (34 -38) ; skin reactivity to injected allergens (ie, wheal and flare size) was weaker in individuals with personality styles described as passive, negative, withdrawn, unhappy, anxious, dissatisfied, and impulsive (34 -37, 39) . In another arena, relatives of patients with rheumatoid arthritis who lacked rheumatoid factor in their serum were more anxious and dysphoric than those who had the factor (40) .
Specific personality characteristics such as academic achievement motivation and aggression have been associated with immunological alterations. Among cadets at a military academy, high motivation to perform well interacted with poor actual academic performance and predicted greater susceptibility to EBV infection (41) . Aggression, operationalized using DSM-III-R antisocial personality disorder symptoms, was positively associated with T-and B-cell numbers in male military personnel, and this effect was independent of testosterone level, age, or health status or behaviors (42) .
Coping styles associated with altered immunity include repression, denial, escape-avoidance, and concealment. Greater reliance on repressive coping was associated with lower monocyte counts, higher eosinophil counts, higher serum glucose, and more selfreported medication reactions in a retrospective chart review of medical outpatients (43) , and with higher EBV antibody titers in students, with the latter finding suggesting a decrement in the memory T-cell response to the latent virus (44) . Among family members of bone marrow transplant patients, escape-avoidance coping coupled with trait anxiety was associated with fewer total T cells and fewer CD4 ϩ T cells; escape-avoidance coping by itself was associated with increased B-cell counts during the period preceding the transplant (45) . Denial coping seemed to have protective effects in gay men anticipating HIV serostatus notification; among seronegative men, denial coping was associated with reduced intrusive thoughts, lower cortisol, and greater lymphocyte proliferation to PHA as men awaited word of their HIV serostatus (46) .
Although the majority of these studies were crosssectional and involved students or young to middleaged adults, one prospective study provided provocative evidence of notable health consequences. Concealment of homosexual identity predicted an accelerated course of HIV over 9 years as assessed by CD4
ϩ T-cells counts, AIDS diagnosis, and AIDS mortality, even when controlling for demographic, health, and psychopathology factors (47) .
Clearly, personality or coping styles associated with emotion or affect regulation are likely to have immunological correlates, as well as those that influence interpersonal relationships. In this context it is not surprising that self-disclosure interventions have immunological consequences. For example, high-hostility subjects exhibited greater increases in NK cell cytotoxicity after self-disclosure than low-hostility subjects, consistent with the authors' hypothesis that persons high in cynical hostility would find disclosure more threatening; no differences between high-and low-hostility subjects were observed in the nondisclosure condition (48) . Greater emotional disclosure by students on a written task was associated with lower EBV virus capsid antigen IgG antibody titers compared with students who expressed less emotion when describing a personal stressful event (44) . Importantly, self-disclosure is thought to be one factor associated with the health benefits of psychotherapy, consistent with recent evidence of improvements in disease activity after self-disclosure in patients with asthma and arthritis (49) .
INTERVENTIONS
Behavioral interventions that alter immune responses provide fundamental evidence of psychological influences on immune function. Both earlier and more recent studies have explored participants' ability to alter skin inflammation after antigenic challenge. For example, following hypnotic suggestions, 32 of 38 participants were able to reduce wheal size, and 48% of the variance in wheal size was attributed to systolic blood pressure, irritability, tension, health attributions, and skin temperature (50) . A relaxation intervention reduced the flare response to a neurogenic inflammatory stimulus, capsaicin, compared with control or mental stressor conditions (51); norepinephrine, heart rate, and systolic blood pressure during the intervention period predicted flare size, suggesting sympathetic modulation as a key pathway. In contrast, hypnotic suggestions to alter erythema or wheal size in response to mumps antigen, trypsin, or histamine were unsuccessful in a sample of three students (52) , and self-hypnosis training of medical students did not produce immunological differences between intervention and control groups (53) . However, greater self-rated relaxation was associated with NK lysis and cell numbers in the latter study (53) , consistent with evidence from related work that more frequent practice produces more positive outcomes (54, 55) .
Additional research has demonstrated classic conditioning of immune function in humans and immune alterations in HIV-seropositive and at-risk gay men after multicomponent interventions. Human classic conditioning studies were initiated after the demonstration of conditioned immunosuppression in animals (1, 3, 56) and have supported conditioning of DTH (57) and NK cell lysis (58), but not immediate hypersensitivity allergic skin reactions (59) . Multifaceted cognitive-behavioral stress management or aerobic exercise reduced EBV virus capsid antigen and human herpesvirus-6 antibody titers in HIV-seropositive and at-risk gay men compared with nonintervention control subjects (60); lower antibody titers are thought to reflect better cellular immune system control over herpesvirus latency.
The majority of the intervention studies have involved young to middle-aged adults experiencing low levels of distress. Such participants likely have normal levels of immune function, and it may not be possible or desirable to enhance immune function beyond its normal levels. Future intervention research should ideally include older adults, more distressed participants, and greater use of longitudinal designs to maximize the ability to demonstrate immunomodulation.
STRESSOR DURATION AND TYPE
Early PNI research typically addressed very intense and novel events, such as bereavement after the death of a spouse (61), 48 hours of sleep deprivation (62), or new cadets' adjustment to life at a military academy (41) . Beginning in the 1980s, researchers began to consider whether more commonplace stressful events might also provoke immune alterations; a number of studies demonstrated that brief, time-limited stressors, such as academic examinations, have immunological consequences and, importantly, these immune changes may have relevance for infectious disease and wound healing (33, 53, 63, 64) . For example, students who did not seroconvert after an initial inoculation with recombinant hepatitis B vaccine reported greater examination-related anxiety than those who produced measurable antibody (33) . Among dental students, healing of an oral punch biopsy wound took 40% longer during exams than during summer vacation, and production of IL-1␤ mRNA declined 68% in the same interval (64) .
Individuals who have experienced more recent stressful life events may show greater immune change in response to minor stressors. For example, men who reported more recent stressful life events demonstrated exaggerated cardiovascular stress responses and greater declines in NK cell function that lasted longer in response to 12 minutes of mental arithmetic than similar men with fewer life changes (65) . Similarly, teachers who reported more recent daily hassles showed larger changes in cell numbers when they attempted to teach a confederate how to work out the answer to an unsolvable puzzle; subsequent analyses related changes to differences in perceived controllability (66 -68) . Hernia surgery patients with higher self-reported life stress before surgery had lower lymphocyte responses to PHA before surgery and to pokeweed mitogen before and after surgery (69); of importance was the fact that increased postoperative complications and longer hospital stays were associated with declines in immune function.
Severe stressors may produce long-term immune dysregulation. Men and women who provide longterm care for a family member with a serious medical condition such as Alzheimer's disease often report high levels of stress, and caregiving has been associated with prolonged immune dysregulation (45, 70 -77) . Other chronic or longer-term stressors associated with continuing immune alterations include "burnout" at work (78) , job strain (79), and unemployment (80) . Similarly, continuing immune dysregulation has been described in civilians displaced by war (81) as well as persons living near a damaged nuclear reactor (82) . In a study in which volunteers were inoculated with several different strains of cold viruses, stressors that lasted a month or more were the best predictors of developing colds (83) ; similarly, nonhuman primates with lower social status (a social stressor) were more likely to develop a respiratory infection than those with higher status (84) . Marital discord, a persistent interpersonal stressor, has been associated with poorer immune function (85) (86) (87) (88) .
Under some circumstances, immune dysregulation may persist for months or years after the event. Immunological changes have been documented for weeks or months after such natural disasters as earthquakes and hurricanes (26, 89) . Immune dysregulation can persist several years or more after caregiving ends (76) . Vietnam "theater" veterans with concurrent PTSD, anxiety, or depressive symptoms or disorders had higher leukocyte counts than veterans without these disorders 20 years after military service (14) . Prolonged intrusive ruminations after a trauma or disaster have been related to maladaptive psychological functioning and may provide one avenue for protracted immune dysregulation as they serve to maintain higher levels of negative affect (14, 20, 26, 82, 90) .
Sustained negative affect also has consequences for production of proinflammatory cytokines. Although higher plasma IL-6 levels were associated with greater distress in a sample of community women, the subset of women who were caregiving for a relative with Alzheimer's disease had higher levels of plasma IL-6 than either women who were anticipating a housing relocation or community control subjects (91); the finding was particularly noteworthy because caregivers were 6 to 9 years younger, on average, than women in the other two groups, suggesting that this stressor had accelerated age-related changes. Thus, a chronic stressor may provoke long-term changes in IL-6 production, an important finding related to a broad array of health problems discussed in the final section.
"Laboratory" Stressors
Immune changes in response to very brief stressors have been a central theme in the last decade (Figure 2 ), but older literature also provides early illustrations; for example, in a study published in 1960, subjects were led to believe that they had accidentally caused serious injury to a companion through misuse of explosives (92) . Experimenters obtained blood samples after research participants had struggled for an hour to repair a broken telephone switchboard supposedly needed to summon medical assistance. In contrast to the 30% drop in eosinophils seen in the experimental condition, control subjects who attempted to fix the same switchboard to make routine calls or as a psychomotor test showed only a 7% decline (92) . Although the majority of contemporary studies have relied on standard cardiovascular reactivity tasks such as mental arithmetic, Stroop tests, or a speech stressor, investigators have also used acute exercise (93) (94) (95) , an unsolvable puzzle (66, 67, 96) , self-disclosure (48), and mood or fear inductions (97-99).
These acute "laboratory" stressors, which typically last a half hour or less, provoke transient immune changes; they characteristically provoke increases in NK cell activity and cell numbers for some lymphocyte subpopulations, with concurrent decrements in lymphocyte proliferation assays (100). The effects are reasonably consistent across stressors and laboratories, and age has not proven to be a major factor (101) (102) (103) (104) . The immunological changes observed after short-term stressors likely reflect transient alterations in lymphocyte migration from lymphoid organs and peripheral blood mediated through receptors on lymphocytes or via sympathetic nervous system innervation of lymphoid organs like the spleen (6, 100). Individuals who exhibit the largest sympathetically mediated increases in cardiovascular reactivity in response to acute stressors also show the largest catecholaminergic increases and immune changes (100, 102, (105) (106) (107) (108) (109) (110) . Adrenergic blockage ameliorates cellular immune responses to mental stress (108) .
These transitory increases in the distribution of cells in circulation in peripheral blood (a process called "trafficking") probably do not represent a real change in cell numbers. Indeed, among the studies that continued to assess subjects after the stressor ended, the immunological changes seem relatively short-lived (96), although (not surprisingly) more intense stressors, such as shock, noise, and interpersonal conflict, have somewhat longer-lasting consequences (88, 100) .
Mouse models suggest the possibility of hyperreaction of at least one aspect of immune function after short-duration stressors; the augmentation of DTH responses seems to be mediated through glucocorticoid and epinephrine stress responses (111) . Interestingly, a 1963 study suggested short-term enhancement of skin inflammation in response to a pain stressor or during strenuous physical exercise in human subjects injected with the enzyme trypsin (39); hyporeactivity was the characteristic response in the recovery period following the brief stressors. Although not studied as extensively, there is evidence that both physical and psychological stressors can provoke transient increases in proinflammatory cytokines (112, 113) ; in animal models both stress and administration of epinephrine elevate plasma IL-6, consistent with evidence that IL-6 production is stimulated through ␤-adrenergic receptors among other pathways (114) .
Are the individuals who show greater sympathetic nervous system activity or reactivity also at risk for more persistent alterations in immune function? Data from two experimental sessions scheduled 2 weeks apart provided evidence of moderately reproducible results within individuals (106) . In addition, individuals characterized by high cardiac sympathetic reactivity to acute psychological stressors also show magnified cortisol responses, providing one mechanism for longer-term immunomodulation (110) .
Moreover, one innovative study linked cardiovascular responses to a presurgical cold pressor test (immersion of the hand and forearm in ice water) with postoperative immune and health outcomes (69) . High responders to the cold pressor stress (ie, a lower pain threshold and greater sympathetic reactivity) had poorer proliferative responses to pokeweed mitogen before surgery than low responders. More importantly, however, high responders had poorer postsurgical proliferative responses to pokeweed mitogen after controlling for presurgical values, they required more pain medication, and they had more surgery-related complications. If sympathetic cardiac activation is a marker or determinant of longer-term changes in immune function, then the cardiovascular, endocrine, and immune changes evoked by brief experimental stressors may help to illuminate the nature of the interactions among these physiological systems.
INTERPERSONAL RELATIONSHIPS
The support provided by social relationships can serve as a buffer during both acute and chronic stressors, protecting against immune dysregulation. For example, early studies suggested that lonelier medical students and psychiatric inpatients had poorer cellular immune function than their counterparts who reported less loneliness (10, 63) . Subsequent investigators reported that lower levels of social support, in the context of naturalistic stressors such as job strain (79), dementia caregiving (70, 76) , and surgery (69), were associated with poorer immune function. Social support may also be important for immunity during shortterm stressors such as examination stress; greater social support was linked with better immune responses to Hepatitis B vaccine in medical students (33) .
The link between personal relationships and immune function is one of the most robust findings in PNI, spanning diverse populations and stressors (115) . In a sample of HIV-positive men, low perceived emotional support was associated with a more rapid decline in CD4 ϩ T-cells, an important marker of the progression of HIV infection (116) . Better NK cell activity in breast cancer patients was related to high quality emotional support from a spouse, perceived social support from the patient's physician, and actively seeking social support as a coping strategy (117) .
Disruption of close relationships has well-documented consequences for immune function, whether the disruption is due to bereavement (27, 61) or divorce (85, 87) . In addition, the maintenance of abrasive close relationships also exacts a toll; among newlywed couples engaged in a 30-minute conflict resolution task, individuals who exhibited more hostile or negative behaviors during conflict showed greater decrements in functional immune measures 24 hours later (88) as well as concurrent alterations in stress hormones (118) . Similar patterns emerged in older couples who had been married an average of 42 years (86) . These results were particularly striking given that the great majority of both young and old couples had happy marriages; thus, these findings may actually underestimate the physiological impact of a troubled relationship (119) . In summary, PNI research has contributed to the larger literature on social relationships and health by delineating another pathway through which relationships can be beneficial or detrimental to health outcomes.
METHODOLOGICAL DEVELOPMENTS
The majority of human PNI studies to date have been correlational, which precludes statements of causality among identified psychological, immune, and health outcomes. Stronger evidence for PNI relationships has emerged from randomized intervention trials (reviewed above) that attempt to experimentally manipulate these associations. Further advances in the field require refinement of psychological constructs and processes to identify what specific characteristics, such as personality traits, emotional symptoms, and coping behaviors, are most important for immune dysregulation or modulation in varying situations. These same psychological constructs and processes may then serve as key targets for interventions.
Assays
In the early human studies, the primary immunological outcome was the result of an in vivo immune challenge, typically exposure to allergens by means of skin tests or pollen-laden rooms (34 -38) ; similarly, eosinophil counts were a common in vitro assay (92, 93) . As new immunological assays were developed and it became clear that a number of leukocyte subpopulations perform specialized immunologic functions, PNI studies typically used a battery of in vitro assays. In human studies, in vitro assays are generally limited to peripheral blood samples, which may not reflect immunological processes occurring in lymphoid organs or other regions, such as the skin (120). In general, there seems to be an increasing emphasis on qualitative or functional assays, which seem to have greater relevance for health outcomes.
Interestingly, a number of current studies provide conceptual replications of earlier studies; these earlier reports suggest new vistas for future efforts. Early work showed that psychotic patients had a poorer antibody response to pertussis vaccination than nonpsychiatric control subjects (9); subsequent work showed that medical students who reported more stress were slower to develop an antibody response to hepatitis B vaccine than their colleagues who were less distressed (33) . After vaccination, IgG antibody titer to a pneu-mococcal vaccine fell over a 6-month period in dementia caregivers, whereas antibody titers were stable among former caregivers whose spouse had died and control subjects (77) . Responses to vaccination provide one proxy for risk of infectious disease because they demonstrate clinically relevant alterations in immunological responses to challenge under well-controlled conditions.
Relatedly, earlier articles emphasized immune down-regulation related to stressors. As data have accumulated, it has become clear that some stressors provoke increases in lymphocyte numbers or activity; moreover, there are times when down-regulation is a biologically useful outcome (eg, dampened skin responses to allergens). Thus, it is more meaningful to broadly characterize psychosocially modulated immunological alterations as immune dysregulation rather than immune suppression or enhancement.
Populations
Although the great majority of studies have sampled young or middle-aged adults (Figure 3) , the number of studies with older adults is increasing rapidly, along with a focus on the interactions among age, stressors, and immune function (76, 86, 102) . In contrast, only a handful of researchers have studied children or adolescents, in good part because of the difficulty in obtaining blood samples (104, 121, 122) . Newer procedures hold promise in this arena (122) , and there is evidence that psychosocial factors modify immune function in children and adolescents (104, (121) (122) (123) .
Health Habits
Health-related behaviors, now routinely assessed in most studies as a source of error variance, have become an increasing focus of research in their own right. Sleep deprivation can alter many aspects of immune function (12, 16, 24, 62, 124 -128) . Similarly, acute exercise produces multiple changes, analogous to other "laboratory" stressors (93, 95) ; it also seems to have longer-lasting positive consequences as well (21) . In general, methodological sophistication has increased markedly, with attention to such issues as circadian influences on immune measures and their relationship to hypothalamic-pituitary-adrenal axis hormones and sympathetic neurotransmitters (127) .
HEALTH CONSEQUENCES
Animal research can provide experimental control over key variables necessary to unequivocally demonstrate the health consequences of behaviorally mediated immune alterations: the nature and intensity of stressors, uniform health challenges (eg, pathogen exposure, and genetic homogeneity). For example, social stress has been induced by varying the number of animals sharing the same cage (129, 130) or by rearranging the dominance hierarchy in primate housing; among rhesus monkeys inoculated with simian immunodeficiency virus, mortality was greater among those whose housing was changed than among those who did not move (131) . Moreover, when such changes included social separations from familiar animals, death rates also increased (131) . In other work, low social status was associated with increased probability of adenovirus infection among cynomolgus monkeys (84) . Studies of conditioned immunosuppression showed alterations in both antibody responses and mortality (3, 56) . More detailed reviews of PNI animal studies with additional health data are provided elsewhere (132, 133) .
Parallel findings from animal and human studies provide evidence of the effects of stress on infectious illnesses. For example, stressors altered susceptibility to respiratory viruses among mice, cynomolgus monkeys, and humans (83, 84, 134) . Experimental stressors Fig. 3 . Distribution of mean subject age per study in PNI studies published in Psychosomatic Medicine expressed as a percentage of studies reporting demographic information. In studies that did not report means but did report ranges, the mean was calculated by averaging the upper and lower bound of the range. Total number of studies was 87.
(irregular noise, light, and movement) resulted in delayed antibody formation to bovine serum albumin in mice compared with non-stressed controls (135) , similar to the human vaccine data discussed earlier (9, 33, 77) . In the case of the vaccine studies, the fact that individuals who were more stressed and more anxious seroconverted later suggested that these same individuals might also be slower to develop an antibody response to other pathogens; thus, theoretically, they could be at greater risk for more severe illness. Accordingly, these data complement the evidence from the respiratory virus studies (83, 84) and provide a window on the body's response to other pathogens.
Other data have suggested that health-associated vulnerabilities are not merely additive. Indeed, individuals who demonstrate larger age-related immunological impairments may manifest the greatest clinical consequences related to stress; for example, antibody responses to an influenza virus vaccine were substantially poorer among chronically stressed spousal caregivers over the age of 70 than among those who were either younger and/or noncaregivers (136) . The significantly increased mortality from influenza (as well as other infectious diseases) among older adults emphasizes the meaningfulness of these findings (77, 136) .
Two studies demonstrated that stressors enhance susceptibility and severity of the primary infection to a latent herpesvirus as well as clinical recurrence (18, 41) . Among West Point cadets who were seronegative to EBV on entry into West Point, data collected over the next 4 years showed that a triad of risk factors (higher levels of motivation for a military career, poorer academic performance, and having a father who was an "overachiever") predicted three important illness indices: an increased risk of seroconversion, longer hospitalization in the infirmary after seroconversion (presumably reflecting more severe illness episodes), and higher antibody titers to EBV among those who seroconverted in the absence of clinical symptoms (41) . Similarly, among individuals already infected with another herpesvirus, HSV, elevated depressive symptoms were associated with lower CD8 ϩ counts and a higher rate of genital HSV recurrence over 6 months (18) . These findings were consistent with demonstrations of stress-related changes in herpesvirus latency in a number of studies (44, 60, 70, 71, (85) (86) (87) (88) 122) .
Researchers have also attempted to relate psychological variables to immune change and disease progression in people infected with another virus, HIV. Two studies suggest that nondisclosure of important personal information is related to HIV progression (47, 123) , consistent with evidence that self-disclosure has positive immunological consequences (44, 48, 137) .
Clearly behavior has clinically important consequences for infectious disease.
A number of studies in the psychosomatic medicine literature have shown that greater fear or distress before surgery is associated with poorer outcomes, including longer hospital stays, more postoperative complications, and higher rates of rehospitalization (69, 138) . One key psychobiological mechanism is suggested by evidence that stress slows wound healing, an immunologically mediated process (138) . For example, wounds placed on the hard palate 3 days before a major academic examination healed an average of 40% more slowly than those made in the same individuals during summer vacation (64) ; wound healing and postsurgical recovery are notable areas for future PNI exploration.
Promising new directions are suggested by the evidence that stress can potentiate the effects of a highlipid diet and initiate formation of macrophage-related lesions of early atherosclerosis (139) . Similarly, the role of Helicobacter pylori in ulcer diathesis, along with demonstrations of stress-related alterations in wound repair, provides a PNI context for future ulcer research (140) . In addition to newer vistas, data are also emerging in more traditional PNI arenas such as autoimmune disease and cancer (24, 117, 141, 142) .
More broadly, recent evidence implicates dysregulation of proinflammatory cytokines, particularly IL-6, as a central component across a range of diseases in older adults. The immune system's inflammatory response can be triggered in a variety of ways, including infection and trauma, and the mechanisms associated with inflammation are critical to resolving infections and repairing tissue damage; however, chronic or recurring infections can provoke pathological changes (143) . For example, low levels of persistent inflammation may result when chronic infectious processes such as periodontal disease, urinary tract infections, chronic pulmonary disease, and chronic renal disease persistently stimulate the immune system, with the greatest repercussions among older adults who already show age-related increases in IL-6 production (144).
In fact, inflammation has recently been linked to a spectrum of conditions associated with aging, including cardiovascular disease, osteoporosis, arthritis, type 2 diabetes, certain lymphoproliferative diseases or cancers (including multiple myeloma, non-Hodgkin's lymphoma, and chronic lymphocytic leukemia), Alzheimer's disease, and periodontal disease (145) . The association between cardiovascular disease and IL-6 is related in part to the central role that this cytokine plays in promoting the production of CRP, recently recognized as an important risk factor for myocardial infarction (114) . For example, high concentrations of CRP predicted the risk of future cardiovascular disease in apparently healthy men (146) . Further studies provided mechanistic links: chronic infections amplified the risk for development of atherosclerosis four-fold in subjects who were free of carotid atherosclerosis at baseline, conferring increased risk even in subjects lacking conventional vascular risk factors (147) . Indeed, the increased risk for artery-clogging plaque was greater than that conferred by elevated blood pressure or cholesterol (147) . Cardiovascular disease is the leading cause of death, and individuals with high levels of both IL-6 and CRP were 2.6 times more likely to die over a 4.6-year period than those who were low on both (148) .
Importantly, chronic inflammation has been suggested as one key biological mechanism that may fuel declines in physical function leading to frailty, disability, and ultimately death (143, 149) . For example, elevated serum IL-6 levels predicted future disability in older adults, a finding the authors suggest may reflect the effects of the cytokine on muscle atrophy and/or the pathophysiologic role played by the cytokine in particular diseases (150) . Proinflammatory cytokines, including IL-6, may slow muscle repair after injury and accelerate muscle wasting (151); indeed, IL-6 and CRP also play a pathogenic role in a range of diseases associated with disability among the elderly (osteoporosis, arthritis, and congestive heart failure among others) (150) . In this context it is interesting that IL-6 is also associated with self-rated health (152), a robust predictor of mortality (153) . In fact, IL-6 may function as a ". . .global marker of impending deterioration in health status in older adults" (150) ; even after the point at which risk factors such as cholesterol, hypertension, and obesity predict health deterioration less successfully among the very old, chronic inflammation continues to be an important marker (150) .
As discussed earlier, depression and distress enhance the production of proinflammatory cytokines, including IL-6 (13, 28 -31, 91, 113) . A particularly notable finding was the demonstration of an association between depressive symptomatology and inflammation in patients with stable angina (13) . In addition, negative emotions may also contribute indirectly to the immune dysregulation evidenced by proinflammatory cytokine overproduction; repeated, chronic, or slow-resolving infections or wounds enhance secretion of proinflammatory cytokines, a process that can serve to further inhibit certain aspects of immune responses (eg, IL-2, an important defense against infection), and thus may contribute to the immunodepression of aging (154) . Certainly there is excellent evidence that stress impedes the immune response to infectious challenges, amplifying risks for contagion and prolonged illness episodes (18, 41, 77, 83, 84, 131, 134 -136) ; distress also provokes substantial delays in wound healing (64, 138) and enhances the risk of wound infection after injury (155) . Thus, negative emotions such as depression or anxiety can directly affect the cells of the immune system and either up-or down-regulate the secretion of proinflammatory cytokines; in addition, negative emotions may also contribute to prolonged or chronic infections or delayed wound healing, processes that indirectly fuel proinflammatory cytokine production. These changes are likely to be greatest, and to carry the highest health risks, among the elderly.
There are now sufficient data to conclude that immune modulation by psychosocial stressors and/or interventions can lead to actual health changes. Although changes related to infectious disease and wound healing have provided the strongest evidence to date, the clinical importance of immunological dysregulation is highlighted by increased risks across diverse conditions and diseases related to proinflammatory cytokines (114, 143, 145, 148 -152) . The PNI field has grown tremendously in the last two decades, and the future looks quite promising. 
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